Burvingt, O.J.P.; Masselink, G., Russell, P.,and Scott, T. 2016 On the south west coast of England, the 2013/14 winter has been the most energetic period over the past 60 years, counting over 22 storms with recorded wave heights exceeding 10 meters. Pre-and post-storm aerial LiDAR surveys have been carried out by the Environmental Agency along the entire SW coastline. A total of 157 beaches have been selected from this dataset and morphological changes over the stormy period have been calculated and studied by processing the LiDAR data. This analysis shows the varying response of the beaches to the extreme storms and highlights two mechanisms involved in sediment transport. The results show that North coast beaches exposed to the main storm waves eroded, losing sediment offshore by crossshore transport processes. Conversely, on the South coast beaches, where wave approach was more oblique, sediment was mainly transported along-shore resulting in beach rotation.
INTRODUCTION
The vulnerability of coastal areas is becoming an increasingly important social, economic and environmental issue. Sea level rise, leading to higher risk of flooding events along coastal areas (Milly et al., 2002) , has already been observed in many areas of the world and quantified (Rhein et al., 2013) . In addition, climate change also disrupts atmosphere physical properties and is likely to be responsible for more variable and extreme weather conditions. At the same time, coastal population growth is expected to continue in the future (Neumann et al., 2015) . Thus, the question of how coastal areas and populations will cope with increasing water levels combined with extreme storms is a big challenge in coastal sciences. Western European countries along the North Atlantic Ocean such as the UK, France and Portugal were impacted by extreme storm events during the 2013/2014 winter. A sequence of 22 storms hit the south west coast of England between October 2013 and April 2014. Waves higher than 10 meters with exceptionally long periods, often over 20 seconds, were recorded 30 kilometres off the tip of SW England. These waves, when associated with spring high tide levels, caused damage and flooding in a large number of coastal locations round SW England (Devon County Council, 2014) (Fig. 1) . In addition to infrastructural and environmental damage, beach erosion in SW England was wide-spread and this had significant economic consequences. A large number of beaches in the area offer recreational activities and stimulate tourism, representing one of the major sources of economy in the region. The extreme events that occurred during the 2013/14 winter provided a unique opportunity to better understand the impact of storms on coastal areas.
If the conditions during the 2013/14 winter are likely to occur more often during the next decades, an improved understanding of storm-induced morphological changes along this coastline is a priority for the future. This better understanding comes through more field or lab data collection, which is essential to improve the models used to describe and forecast coastal hydrodynamics and sediment transport. Thanks to recent advances in technology, different techniques for recording beach morphological change are available, including ground-based GPS beach surveys (e.g. Stephan et al., 2012) , airborne LiDAR (e.g. Houser et al., 2013) and satellite imagery (e.g. Castelle et al., 2015) . Aerial LiDAR surveys offer large spatial data with a relatively good resolution and form the basis for this regional spatial study of morphological changes caused by extreme storms covering over 150 diverse beaches (Fig.3) . The aim of this article is to give an overview of the coastal impact of the unprecedented extreme winter storms of 2013/2014 in SW England and to use aerial LiDAR datasets to examine the resulting coastal morphological changes.
Background
Winter 2013/2014 was characterised by an exceptional sequence of storms. Most of the European western coast was affected over that period, from Ireland to Portugal and some detailed studies about those events have already been presented (Masselink et al., in press; Castelle et al., 2015) . Focusing on SW England, records from the Sevenstones Lightship buoy located 30 km offshore of the coast of Cornwall and at 70 metres depth (Fig.3) have been studied. While definition of storm events are sitespecific (Almeida et al., 2012) , Masselink et al.,(in press ) - † School of Marine Science and Engeenering Plymouth University, UK www.JCRonline.org www.cerf-jcr.org defined a storm as a wave event during which the maximum Hs exceeds the 1% exceedance wave height (5.9 m for this winter period), where the start and end of the storm is defined when Hs exceeds or falls below 4.5 m (Fig. 2, horizontal lines) corresponding to the 5% exceedance height. The upper panel of Figure 2 shows the 22 storms that were recorded between October 2013 and April 2014. During this 6-month period, average peak and mean significant wave height Hs were respectively 8.1 m and 6.1 m, with an average storm duration of 29 hours. These wave conditions were exceptional, while the westerly wave direction was typical of Atlantic storms. Furthermore, to highlight the exceptional nature of this winter period, Masselink et al., (in press ) -analysed the 8-week moving average of modelled ; WWIII data from Dodet et al., 2010) and measured (2008-2014, http ://www.previmer.org/) significant wave height at Sevenstones Lightship buoy ( Fig. 2 ; lower panel). These records show that this winter represents at least a 1:60 year event for the SW coast of England; such wave conditions have not been recorded since at least 1953. In addition to the unique conditions of the winter 2013/2014, the south west peninsula represents a ideal study area because of its diversity. Indeed, from Weston-Super-Mare (Somerset) in the north of the SW peninsula to Seaton (Devon) on the south coast, over 150 beaches are present that are spread along the 1000 km of coastline. Among these beaches, there is a high diversity in terms of dynamic (waves, tides) and static (shoreline orientation, geology, sediment size and abundance) boundary conditions, giving this part of England a special character which attracts a large number of tourists every summer and represents 25% of all employment in the region (Research-Visit Cornwall, 2011) . A study about morphodynamic characteristics from 92 beaches within this area resulted in the identification of 9 distinct beach types (Scott et al., 2011) . Although tidal range is highly variable throughout the region, all beaches are macro-tidal, with mean spring tide range varying from 11.4 m (Weston-Super-Mare, the most northern site on the North coast) to 3.6 m (West Bay, the easternmost site on the South coast). 
METHODS
Aerial LIDAR uses a laser to measure the distance between the survey aircraft and the ground surface, and then collects millions of XYZ georeferenced points. The use of LiDAR data to assess geomorphological changes in coastal science is relatively new.
Given the amount of data collected, it represents a good compromise in terms of time, effort and cost, in comparison with other survey techniques, such as RTK-GPS surveys. The vertical accuracy of LiDAR is estimated in the range of 0.05 m to 0.15 m, which is appropriate for studying beach morphological changes observed during such extreme events. Furthermore, the spatial resolution in the order of 1 m, is comparable to other survey techniques commonly used. However, aerial LiDAR does have some limitations in terms of surface coverage as the laser cannot survey through water so beach coverage is rarely 100% and data are missing where the beach surface is covered with water (e.g. in intertidal channels). Airborne LiDAR surveys for coastal areas are usually carried out during spring tides, offering the largest surface of the exposed beach at spring low tides. Every beach for which LiDAR coverage was estimated to be less than 70% of the whole surface area has been removed from our list of study sites. Commissioned by the Environment Agency (EA), the coastline of SW England is surveyed every few years by airborne LiDAR. Different sections of the coast are surveyed in different years, but the whole coast has been surveyed in spring 2014 following the extreme events of the winter 2013/2014. The timing of the pre-storm datasets was, however, an issue since LiDAR campaigns do not run every year for every site. The most recent pre-storm surveys dated from April 2012 while the oldest prestorm surveys dated from October 2010. Our study focuses on the changes that occurred during the winter of 2013/14; therefore, several of our pre-and post-storm datasets actually represent a 2-4 year period, making the comparison between pre and post storm morphology potentially problematic. However, the study of another dataset provides confidence in the methodology used here. The Coastal Processes Research Group (CPRG; Plymouth University) has been surveying Perranporth beach monthly since 2006 (Fig. 4) . Perranporth is a macro-tidal beach located on the north coast of Cornwall in SW England and is 4 km long. This beach faces the Atlantic Ocean and is fully exposed to the prevailing swell and wind-waves. Figure 4 shows the evolution of volumetric sediment change at Perranporth beach from 2006 to 2014. Seasonal changes in beach volume due to the difference of wave climate between winter and summer can be observed, with erosion from October to April and accretion from May to September. There is a severe loss of sediment during the winter 2013/14 and the volume changes that occurred from winter 2010/11 to summer 2013 are considerably less than that occurred during the 2013/14 winter. The beach volume time series from Perranporth shows that the time delay between the pre-storm LiDAR surveys and the onset of the 2013/14 winter is only expected to have limited impact on our analysis. All data from the different aerial LiDAR surveys have been compiled by the Plymouth Coastal Observatory. Every beach from our study area where the LiDAR coverage was satisfactory was selected resulting in 157 study sites spread all over the SW peninsula with 56 beaches located on the north coast and 101 on the south coast (Fig. 3) .The first step was to extract the data corresponding to the sediment areas for all these beaches. LiDAR surveys generally extend from Spring Low Water Level to several 100's m landward (Fig. 5a ) and, the beach area cannot be directly identified. Therefore, every single beach area was digitized by drawing polygonal shapefiles on ArcMap 10.2.2 software (Fig. 5c ). The 157 shapefiles were drawn using high resolution aerial pictures (Fig. 5b) and, beach areas were digitized with high precision and leaving out obstacles (cliff, infrastructure on the beach). Then, using the same coordinate system (British National Grid Projected Coordinates System), both shapefiles and LiDAR rasters were overlapped (Fig. 5d ) and the overlapped data were extracted. Figure 5 shows the process described above for two different beaches located on the north coast of Cornwall (Crantock and Fistral). The extraction is done twice (pre-and post-storm rasters) for each of the 157 beaches leading to new rasters. These rasters are then converted into ASCII files, to be next processed with Matlab R2013®. 
RESULTS
The LiDAR datasets provide the unique opportunity to quantify the sediment change that has occurred over a 1:60 year event for 157 beaches in the SW of England. The total volumetric change dQtot corresponds to the sum of every topographic change between pre and post storm datasets and is expressed in m 3 (Equation 1).
(1)
Results show that104 (66%) of the beaches lost sediments while the other 53 (34%) beaches gained sediment during the 2013/14 winter. Figure 6 shows the geographical distribution of the eroding (red symbols) and accreting beaches (blue symbols). Volumes of sediment that were lost are in line with the exceptional nature of that winter period. Perranporth and Bude beaches, which are wide open beaches located on the North coast that receive the full brunt of the swell and storm waves, lost up to 700 000 m 3 of sediment. The total volumetric change for each beach dQtot was converted to a volumetric change per unit m beach width dQ by dividing dQtot by the length of the beach. Figure 7 plots dQ for all 157 beaches, geographically ordered from north (left) to south (right). On the north coast, almost all beaches lost sediments (88%). During those extreme events, the main offshore wave direction was from the west; therefore, the west-and north-westfacing beaches were fully exposed to the storm waves. Widespread and extensive erosion of the north coast beaches is thus not very surprising. However, the observed beach response on the south coast is more complex. Erosion and accretion are balanced with 46 (45%) beaches gaining sediment while sediment losses are observed for the other 55 (55%) beaches. This non-uniform beach response among south coast beaches can be partly explained by their variable shoreline orientation relative to the storm wave direction; the storm waves usually approached obliquely from the west and the south-west causing beach to rotate. 
DISCUSSION
Large volumes of sediment, of up to 100-200 m 3 /m, were lost by several beaches on the SW coast during the 2013/14 winter and illustrate the significant coastal impacts of such a sequence of extreme storms. Unsurprisingly, the fully exposed beaches located on the north coast lost larger quantities of sediment than most of the beaches located on the south coast. However, inspection of the LiDAR data ( Fig. 8 and 9 ), reveals varying patterns of response along north and on the south coast beaches (see also Masselink et al., in press ). Most of the beaches located on the North coast are dominated by cross-shore sediment transport (Fig.8) . On the other hand, many sites located on the south coast show a clear eastward long-shore sediment transport leading to a rotation of the beach (Fig.9) . The different wave approach between both coasts is certainly something to consider about the difference in sediment transport. A method that could allow quantifying the cross-shore and long-shore character of the beach response will be examined in future work. 
CONCLUSIONS
The 2013/14 winter was characterised by a rare and intense sequence of storms hitting the Atlantic coast of Europe. The analysis based on modelled and observed offshore wave conditions described this period as a 1:60 year event. The impact of the waves caused by the storms on coastal housing and infrastructure has been widely reported in the local and national news. Scientific interest has focused on the impact of these storms on the coastline. A campaign of airborne LiDAR surveys has been carried out a few weeks after the end of the winter period all along the SW coast of England. The large spatial coverage of these surveys allows the investigation of the storm response of practically all beaches along the SW peninsula. A methodology concerning the LiDAR data process has been presented. Preliminary results from this analysis have quantified the volume of sediment that has been lost or gained by 157 beaches during the 2013/14 winter. North coast beaches were exposed to the large storm waves and most were characterised by a shore-normal storm wave approach, leading to a dominance of cross-shore transport. The beach response to these waves was erosion, with very high volumes of sediment up to 200 m 3 /m eroded from the large exposed north coast beaches. South coast beaches are more sheltered from the storm waves and at most locations the storm waves approach obliquely from the west and south-west leading to dominant eastwards longshore transport and beach rotation. Overall some south coast beaches eroded and some accreted and there was less erosion/accretion than on the more exposed north coast beaches. This dataset has a wider potential and future work will focus on investigating in more detail the relationship between the type and quantity of the coastal response, and the, static (shoreline orientation, geology, sediment size and abundance) and dynamic (waves, tide) boundary conditions.
